The endogenous opioid system is involved in fear learning in rodents, as opioid agonists attenuate and opioid antagonists facilitate the acquisition of conditioned fear. It has been suggested that an opioidergic signal, which is engaged through conditioning and acts inhibitory on unconditioned stimulus input, is the source of these effects. To clarify whether blockade of endogenous opioid neurotransmission enhances acquisition of conditioned fear in humans, and to elucidate the neural underpinnings of such an effect, we used functional magnetic resonance imaging in combination with behavioral recordings and a double-blind pharmacological intervention. All subjects underwent the same classical fear-conditioning paradigm, but subjects in the experimental group received the opioid antagonist naloxone before and during the experiment, in contrast to subjects in the control group, who received saline. Blocking endogenous opioid neurotransmission with naloxone led to more sustained responses to the unconditioned stimulus across trials, evident in both behavioral and blood oxygen level-dependent responses in pain responsive cortical regions. This effect was likely caused by naloxone blocking conditioned responses in a pain-inhibitory circuit involving opioid-rich areas such as the rostral anterior cingulate cortex, amygdala, and periaqueductal gray. Most importantly, naloxone enhanced the acquisition of fear on the behavioral level and changed the activation profile of the amygdala: whereas the control group showed rapidly decaying conditioned responses across trials, the naloxone group showed sustained conditioned responses in the amygdala. Together, these results demonstrate that in humans the endogenous opioid system has an inhibitory role in the acquisition of fear.
Introduction
One way through which animals learn about stimuli that predict danger is fear conditioning. In fear conditioning, the animal is exposed to an initially neutral stimulus [the conditioned stimulus (CS)], which is paired with an aversive stimulus [the unconditioned stimulus (US)]. As the animal learns that the CS predicts the US, the CS acquires aversive properties and is able to elicit conditioned fear responses. An important brain structure in fear conditioning is the amygdala, where convergence of CS and US information leads to synaptic plasticity and initiates conditioned responses such as freezing (LeDoux, 2000; Maren and Quirk, 2004) .
Part of the repertoire of conditioned responses is the production of conditioned hypoalgesia. As the animal learns that the CS predicts the US, it becomes less pain sensitive when being exposed to the CS. This conditioned hypoalgesia is to a great part mediated by endogenous opioid neurotransmission as it can be blocked by administration of opioid antagonists (Fanselow and Baackes, 1982; Helmstetter and Fanselow, 1987) (but see Foo and Westbrook, 1994; Good and Westbrook, 1995) . Opioidergic neurotransmission not only impacts on US processing, but also on CS-US association formation, as previous studies in rodents have shown that opioid agonists attenuate (Davis, 1979; Westbrook et al., 1991) and opioid antagonists facilitate (Westbrook et al., 1991; Young and Fanselow, 1992; McNally et al., 2004a) acquisition of conditioned fear. Critically, these effects are not mediated by opioid receptors in the periphery, but by opioid receptors in the CNS (Calcagnetti et al., 1987; Fanselow et al., 1988) . One model assumes that endogenous opioid neurotransmission influences fear conditioning by instantiating a conditioninginduced amygdala/brainstem-dependent inhibitory signal that acts on ascending US processing (Fanselow, 1998) . By attenuating the impact of the US, which is the signal that supports conditioning, this opioidergic signal regulates the acquisition of conditioned fear in a negative-feedback manner. Evidence for this conditioned opioidergic inhibitory signal is provided by studies in rodents which show that blocking opioidergic neurotransmission in structures of the aforementioned circuit (amygdala, periaqueductal gray, rostral ventromedial medulla) inhibits the development of conditioned hypoalgesia (Bellgowan and Helmstetter, 1998; Foo and Helmstetter, 1999) .
In humans, the role of endogenous opioids in conditioned fear and defensive responses is mostly unknown. Although there is evidence for stress-induced hypoalgesia that can be blocked by the opioid antagonist naloxone (Willer et al., 1981; Pitman et al., 1990 ), a naloxone-dependent enhancement of conditioned fear has not been demonstrated. To elucidate the role of endogenous opioid neurotransmission in human fear conditioning, we used functional magnetic resonance imaging (fMRI) in combination with behavioral recordings and administration of the opioid antagonist naloxone. We expected that naloxone would maintain unconditioned responses to the US by blocking processing in the circuit responsible for generating the inhibitory signal that leads to the development of conditioned hypoalgesia. Furthermore, we expected that this would enhance the acquisition of conditioned fear and would influence processing in the amygdala, in that naloxone would specifically inhibit the decay of conditioned responses in the amygdala over time (Quirk et al., 1997; Büchel et al., 1998; LaBar et al., 1998) and would lead to sustained conditioned responses.
Materials and Methods
Subjects. Thirty-two male volunteers (mean age, 25.43 years; range, 18 -39 years) were assigned to two groups on a randomized double-blind basis. The experimental group received the opioid antagonist naloxone, whereas the control group received saline. We studied only male subjects to exclude possible gender effects, which have been observed in both fear conditioning and endogenous opioid function (Zubieta et al., 2002; Milad et al., 2006) . The two groups did not show significant differences in age, weight, or trait anxiety (as measured with the State Trait Anxiety Inventory). Two subjects were excluded because of movements of Ͼ2 mm, which left 15 subjects in the experimental group and 15 subjects in the control group. The study was approved by the Ethics Committee of the Medical Board in Hamburg, Germany, and all subjects gave written informed consent.
Drug administration. At ϳ15 min before the experiment, we administered a bolus dose of 0.15 mg/kg naloxone (Naloxon-ratiopharm; Ratiopharm) or saline intravenously. This dose has shown reliable naloxone effects in previous studies (Amanzio and Benedetti, 1999) . However, because naloxone has a relatively short half-life (ϳ70 min in blood plasma, according to the Summary of Product Characteristics, Ratiopharm) and its clinically effective duration of action can be even shorter (Gutstein and Akil, 2006) , we also administered an intravenous infusion dose of 0.075 mg/kg naloxone or saline for 1 h, starting ϳ4 min after bolus administration. Supplemental Figure 2 (available at www.jneurosci.org as supplemental material) shows the plasma concentration of naloxone obtained with this protocol in five additional volunteers. Naloxone plasma concentration [which correlates strongly with concentration in brain tissue (Tepperman et al., 1983) ] only decayed slightly over the course of the experiment and was still well above zero at the end of the experiment.
Study design. First, subjects underwent a urine drug screening to exclude opiate use. All subjects showed negative test results. Subjects were then given the instructions (subjects were not informed about the contingency between the CS and US and were specifically told that their response speed in the reaction time task would not influence delivery of the painful stimulus) and completed some practice trials in front of a computer in which no painful stimulus was administered and different geometric forms were used. A medical doctor (who was also blind as to whether naloxone or saline was given) then administered a bolus dose of naloxone or saline. Subjects were placed in the MR scanner and the infusion of naloxone or saline was started. Afterward, the thermal stimulator (a 30 ϫ 30 mm Peltier device, TSAII; Medoc) was placed on each subject's left volar forearm and their pain threshold was assessed. Pain threshold estimation was based on five thermal stimuli that slowly increased in temperature (1°C per second) until stopped via button press or the maximum temperature of 52°C was reached. To familiarize subjects with the painful heat stimulation and with the pain-rating procedure, we then applied two stimuli of 46, 48, and 50°C each (with a plateau duration of 1 s) in a randomized pattern and asked subjects to rate the intensity of each stimulus on a visual analog scale (VAS), which ranged from 0 (no pain) to 100 (unbearable pain). The VAS consisted of two white vertical lines representing the two endpoints of the scale, and a red horizontal bar that subjects could expand to the right or compress to the left via button presses on a computer mouse to indicate the experienced pain intensity.
Afterward, the experimental paradigm started (using Presentation software; Neurobehavioral Systems), which consisted of 96 trials (48 CSϩ, 48 CSϪ) and lasted ϳ35 min. We used a 50% partial reinforcement scheme (i.e., only 50% of CSϩ presentations were paired with the US). Simple colored geometric forms (blue or green triangle and pentagon) on a gray background were used as the CS. The assignment of color and form to CSϩ and CSϪ (i.e., green triangle and blue pentagon) was counterbalanced across subjects. Thermal stimulation at 50°C to the left volar forearm was used as the US. Trial order was randomized for each subject with the limitations that (1) similar trial types were not allowed to occur more than two times consecutively and that (2) in each quarter of the experiment 12 CSϪ, 6 CSϩ paired , and 6 CSϩ unpaired were presented. All visual stimuli were presented on a screen at the end of the scanner bore, which subjects could see via a tilted mirror mounted on the head coil.
Each trial began with the presentation of a CS, which remained on the screen for 10 s. Subjects performed a reaction time (RT) task at the beginning of each trial, by reporting via button presses on a computer mouse in which half of the screen the CS was presented. In CSϩ paired trials, the US was administered at 8.5 s and coterminated with the CS (supplemental Methods and Results, available at www.jneurosci.org as supplemental material). In CSϩ unpaired trials and CSϪ trials, no US was administered. After CS presentation, a VAS appeared, similar to the one in the pre-experimental pain challenge, on which subjects had to rate the level of pain experienced on that trial; the rating was self-paced and only ratings given on CSϩ paired trials were included in the analysis. Importantly, the starting point of the red bar was completely randomized to control for motor confounds on different trial types. A variable intertrial interval (4 -6 s) followed the pain rating and 16 null events of 18 s duration were randomly inserted into the paradigm.
After the experiment, subjects' awareness of the contingency was assessed (supplemental Methods and Results, available at www. jneurosci.org as supplemental material). Only eight subjects were aware of the contingency and there were no significant group differences. Finally, subjects were debriefed and paid for their participation.
Data acquisition. Skin conductance responses (SCRs) were acquired using Ag/AgCl electrodes (Red Dot monitoring electrode; 3M Health Care) attached to the hypothenar of the subjects' left hands. The same dermatome (C8) was chosen for both electrodes to control for possible recording differences between dermatomes. We used a CED 2502 to amplify the skin conductance signal, a CED micro1401 mkII to digitize the signal at 100 Hz, and Spike2 software to record and store the data (all equipment by Cambridge Electronic Design). fMRI data were acquired on a 3 Tesla system (Trio; Siemens) equipped with an eight-channel head coil. Thirty-eight transversal slices (slice thickness, 2 mm; 1 mm gap) were acquired in each volume (repetition time, 2230 ms; echo time, 25 ms; flip angle, 80°; field of view, 192 ϫ 192 mm; matrix, 64 ϫ 64) using T2*-weighted echo-planar imaging (EPI). Slice orientation was tilted by Ϫ30°which allowed us to measure blood oxygen level-dependent (BOLD) responses in areas as ventral as the medulla oblongata, but did not allow recording of BOLD responses in very dorsal cortical areas. The first five volumes of each subject were discarded before image analysis to exclude T1 saturation effects. We also acquired high-resolution (1 ϫ 1 ϫ 1 mm voxel size) T1-weighted anatomical images for each subject using a three-dimensional FLASH sequence.
Behavioral data analysis. All behavioral data were analyzed in Matlab 7.3 (MathWorks), using a threshold of p Ͻ 0.05 one-tailed. Group differences in mean pain ratings were tested using a two-sample t test. To test for habituation in the pain ratings over time, we first calculated a regression for each subject with time as predictor. We then Fisher's z transformed the ensuing standardized regression coefficients (␤ weights) of each subject and used a one-sample t test to test for a significant habituation effect (i.e., negative regression coefficients). To test for group differences in habituation in the pain ratings over time, we used a twosample t test on the Fisher's z-transformed standardized regression coefficients.
Before statistical analysis of RT data, trials in which subjects missed to respond or responded incorrectly were discarded and the remaining data were z transformed. We then calculated a two-way ANOVA with the within-subject factor trial type (CSϩ vs CSϪ) and the between-subject factor group (naloxone vs control) and tested for a main effect of trial type and a group by trial type interaction. SCR could not be acquired from one subject because of technical problems. Data from the remaining subjects were resampled to 10 Hz, smoothed using a 1 s [full width at half maximum, (FWHM)] Gaussian kernel and z transformed. With regard to CS processing, we analyzed second interval responses, i.e., responses in a time window of 5-10 s after CS onset. Whereas first interval responses are generally considered CSorienting responses, second interval responses are related to US anticipation and reflect learning of the contingency (Wolter and Lachnit, 1993; Knight et al., 2003) . We only analyzed responses on CSϩ unpaired trials, to exclude possible influences of the US on CSϩ paired trials. It should be noted that this in contrast to the analysis of reaction time data, in which we used all CSϩ trials, as reaction times occurred at CS onset and could thus not be confounded by US influences. With regard to US processing, we analyzed responses on CSϩ paired trials in a time window of 8.5-15 s after CS onset. Amplitudes were determined as the maximum in the analysis interval in relation to a preceding minimum in the analysis interval. Similar to the analysis of reaction time data we calculated a twoway ANOVA with the within-subject factor trial type (CSϩ unpaired vs CSϪ) and the between-subject factor group (naloxone vs control) and tested for a main effect of trial type and a group by trial type interaction. The analysis for habituation of SCR to the US was conducted in the same way as for the pain ratings.
fMRI data analysis. fMRI data processing and statistical analyses were performed using statistical parametric mapping (SPM5, Wellcome Department of Imaging Neuroscience). Data processing consisted of slice timing (correction for differences in slice acquisition time), realignment (motion correction), spatial normalization to a standard EPI template (including resampling at a resolution of 2 ϫ 2 ϫ 2 mm) and smoothing using an 8 mm (FWHM) isotropic Gaussian kernel. Data were also subjected to high-pass filtering (cutoff period, 128 s) and correction for temporal autocorrelations (based on a first order autoregressive model).
Data analysis was performed using a general linear model approach. We modeled two types of CS responses, an early (CS onset) response directly at CS onset and a late (US anticipatory) response at 5 s after CS onset. On the first level, separate regressors were defined for each of the following events: CSϩ early, CSϪ early, CSϩ late, CSϪ late, US, and button presses (reaction time as well as rating button presses). In addition, we defined three regressors that represented time by event interactions. These were created (1) by multiplying the CSϩ early and CSϪ early regressor with a mean corrected exponentially decaying function with a time constant of one-fourth of the experiment length and (2) by multiplying the US regressor with a mean corrected linearly increasing function. The first-level design matrix of each subject thus consisted of nine regressors. All events were modeled as ␦ functions at event onset and were convolved with a canonical hemodynamic response function. After model estimation, we defined linear contrasts testing for (1) early conditioning effects (CSϩ early vs CSϪ early), (2) late conditioning effects (CSϩ late vs CSϪ late), and (3) effects of the US. In addition, we defined contrasts testing for (1) time by condition interaction effects (CSϩ early decaying vs CSϪ early decaying) and (2) time-dependent effects of the US. After model estimation, the ensuing first level contrast images from each subject were raised to the second level. Two-sample t tests (including nonsphericity correction for possible unequal variances of the error term in the two groups) were used to test for differential group effects as well as for main effects.
To characterize the poststimulus time course of the BOLD response, we created a second model using finite impulse response (FIR) basis functions with a bin width of 2 s and 12 bins per trial, modeling CSϩ and CSϪ conditions separately. This basis set considers each time bin after stimulus onset individually to model the BOLD response and can capture any possible shape of response function up to a given frequency limit. In this model, the parameter estimate for each time bin represents the average BOLD response at that time. Furthermore, to investigate possible coupling between the periaqueductal gray and rostral ventromedial medulla, we performed a group by coupling analysis (Heinz et al., 2005) using the periaqueductal gray peak voxel as the seed region. This analysis is similar to a psycho-physiological interaction analysis (Friston et al., 1997) , with the difference that it considers the whole time series of each subject and does not incorporate a psychological variable at the first level. Instead, the first-level design matrix of each subject only consists of the time course of the seed region. The resulting contrast images were then raised to the second level, where group entered as modulatory variable (two-sample t test with appropriate nonsphericity correction).
In all conducted analyses, we used an initial height threshold of p Ͻ 0.005 (uncorrected) and subsequent small volume correction in a priori regions of interest at a level of p Ͻ 0.05. With regard to CS processing, these regions comprise the amygdala, the orbitofrontal cortex (OFC), the rostral anterior cingulate cortex (rACC), the periaqueductal gray matter (PAG), and the rostral ventromedial medulla (RVM), which have been implicated in conditioned fear and ensuing endogenous antinociception. With regard to US processing, these regions additionally comprise the thalamus, basal ganglia, insula, dorsal anterior cingulate cortex (dACC), dorsolateral prefrontal cortex (DLPFC), and primary and secondary somatosensory cortex, all of which have been extensively implicated in pain processing. Correction was based on peak coordinates (ignoring laterality) obtained from previous studies on fear conditioning and pain processing: the amygdala (LaBar et al., 1998) , the PAG (Bingel et al., 2006) , and the RVM (Fairhurst et al., 2007) were corrected using spheres of 6 mm radius, whereas the rACC (Wager et al., 2007) , dACC (Büchel et al., 2002) , OFC (Gottfried and Dolan, 2004) , basal ganglia (Sprenger et al., 2006) , and thalamus (Bingel et al., 2007) were corrected using spheres of 8 mm radius and the primary somatosensory cortex (Bingel et al., 2006) , secondary somatosensory cortex (Bingel et al., 2007) , insula (Bingel et al., 2007) , and DLPFC (Wager et al., 2007) were corrected using spheres of 12 mm radius.
Results
We first investigated on the behavioral level whether our paradigm (Fig. 1 ) resulted in successful conditioning and development of conditioned hypoalgesia across all subjects. Significant conditioning effects were evident both in RT (faster responses to CSϩ than to CSϪ; F (1,28) ϭ 2.93; p ϭ 0.05) and SCR (stronger responses to CSϩ than to CSϪ; F (1,27) ϭ 3.57; p ϭ 0.03). Conditioned hypoalgesia also developed, as evidenced by significant habituation of pain ratings (t (29) ϭ 2.76; p ϭ 0.01) and SCR to the US (t (28) ϭ 3.96; p ϭ 0.0005) over the course of the experiment.
US processing
Across all subjects, the US was perceived as moderately painful [65.50 Ϯ 3.44 (mean Ϯ SE) on a scale from 0 (no pain) to 100 (unbearable pain)] and elicited responses in several pain sensitive Figure 1 . Experimental design. Subjects were assigned in a double-blind manner to two groups: the experimental group received the opioid antagonist naloxone before and during the experiment, whereas the control group received saline. Subjects underwent a classical fearconditioning paradigm in which two simple geometric stimuli (blue triangle and green pentagon) served as the CS. Each CS was presented for 10 s. One stimulus (CSϩ) was paired with the US (heat pain delivered to left forearm at 8.5 s after CS onset) in 50% of its presentations. After each CS presentation, subjects rated the intensity of pain present on that trial on a VAS and a variable intertrial interval (ITI) followed. Subjects additionally performed an RT task at the onset of CS presentation in that they indicated whether the CS was presented in the left or right half of the screen. SCRs CRs to CS and US were recorded and BOLD responses were investigated with fMRI at three time points: early conditioned responses at CS onset, late conditioned responses 5 s after CS onset, and unconditioned responses at 8.5 s after CS onset on CSϩ trials.
brain regions such as primary and secondary somatosensory cortex, insula, and thalamus (supplemental Table 1 , available at www.jneurosci.org as supplemental material). Although there were no significant group differences in the pain ratings [naloxone, 67.12 Ϯ 4.25, control, 63.88 Ϯ 5.54; t (28) ϭ 0.46; not significant (n.s.)], the naloxone group showed significantly stronger responses to the US in brain regions implicated in pain processing, including the insula [coordinates x, y, z (in mm): 36, 20, 14; t (28) ϭ 3.83; p ϭ 0.04], dorsolateral prefrontal cortex (52, 6, 28; t (28) ϭ 3.76; p ϭ 0.04), and basal ganglia (Ϫ16, 10, 0; t (28) ϭ 3.37; p ϭ 0.04; 18, 10, Ϫ2; t (28) ϭ 3.20; p ϭ 0.05). Thus, our data provide only limited support for the suggestion that, with brief pain stimuli as used here, naloxone has a general hyperalgesic effect.
However, a learning-dependent effect of naloxone on US processing might be obscured by the simple categorical comparison performed above. More specifically, if a fearful state triggers the release of endogenous opioids and thereby leads to hypoalgesia, one might expect that such effects evolve over time as the subjects learn that the CSϩ predicts the US [a notion that is also supported by the fact that in rats repeated trials are necessary for naloxone effects to emerge (Fanselow and Bolles, 1979) ]. We therefore investigated whether the control group would show habituation in US responses over the course of the experiment that would be weaker or absent in the naloxone group. We observed that the control group showed stronger habituation in pain ratings (t (28) ϭ 1.24; p ϭ 0.11; trend level) and SCR to the US (t (28) ϭ 1.77; p ϭ 0.04) than the naloxone group (Fig. 2a) . Mirroring these behavioral effects, we observed significantly stronger habituation effects in the control group in pain responsive brain regions, namely the dorsal anterior cingulate cortex [coordinates x, y, z (in mm): 4, 18, 30; t (28) ϭ 3.30; p ϭ 0.05] (Fig. 2b) and insula (36, 0, 16; t (28) ϭ 4.16; p ϭ 0.02). Unexpectedly, we did not observe differential habituation effects in the amygdala. However, in a post hoc analysis using an exploratory threshold of p Ͻ 0.005 (uncorrected), we observed strong habituation effects to the US in the amygdala across all subjects (main peak at 32, 4, Ϫ18; t (28) ϭ 5.51), the parameter estimates of which showed a trend for greater habituation in the control group (supplemental Fig. 1a , available at www.jneurosci.org as supplemental material). We then investigated the differential contrast with the same threshold and observed that the control group showed stronger habituation to the US in bilateral sublenticular extended amygdala (Ϫ14, Ϫ2, Ϫ12; t (28) ϭ 3.42; 20, Ϫ2, Ϫ6; t (28) ϭ 2.80) (supplemental Fig. 1b , available at www.jneurosci.org as supplemental material). Overall, the naloxone group thus showed more sustained responses to the US, which might be caused by a blockade of processing in a conditioning-dependent opioid-mediated antinociceptive circuit.
CS-US association formation
We therefore investigated whether the control group would show enhanced processing in a network implicated in descending pain control (Harris, 1996; Bingel et al., 2006) comprising the rACC, the amygdala, the PAG, and the RVM. Critically, if this network is indeed opioidergic and engaged by conditioning, then (1) processing in this network should be blocked in the naloxone group, (2) it should be engaged only on trials in which a US is expected (i.e., CSϩ trials), and (3) the response should be initiated before the US is administered. We thus investigated responses late in the CS phase (5 s after CS onset) and were interested in differential responses to CSϩ vs CSϪ that differed between the two groups (i.e., a CS type by group interaction). We observed that in the rACC (10, 32, 8; t (28) ϭ 4.24, p ϭ 0.01; 6, 34, 10; t (28) ϭ 3.86, p ϭ 0.02; 14, 42, 2; t (28) ϭ 3.45, p ϭ 0.04), the amygdala (Ϫ14, 4, Ϫ22; t (28) ϭ 3.24; p ϭ 0.03), and the PAG (0, Ϫ20, Ϫ6; t (28) ϭ 2.84; p ϭ 0.06; trend level) there was a deactivation on CSϩ trials in the control group that was not evident on CSϪ trials and that was almost completely blocked in the naloxone group (Fig. 3) . This response was initiated before the US was administered, as the time course shows (Fig. 3) . Although the RVM did not show differential activity in the above analysis, there was significantly stronger coupling between the PAG and the RVM (2, Ϫ32, Ϫ36; t (28) ϭ 2.89; p ϭ 0.05) in the control group than in the naloxone group, as identified by a coupling by group analysis (Heinz et al., 2005) in which we used the PAG peak voxel as seed region.
Finally, we investigated whether the naloxone group would show signs of enhanced conditioning compared with the control group. On the behavioral level, we looked for a CS type by group interaction in SCR and RT data. Although we did not observe a significant interaction in SCR data (F (1,27) ϭ 0.68, n.s.), we observed a significant interaction in RT data (F (1,28 ϭ 3.28; p ϭ 0.04) in that the naloxone group showed stronger conditioning effects (i.e., faster responses to CSϩ than to CSϪ) than the control group. With regard to the fMRI data, we were specifically Figure 2 . Habituation of responses to the US. a, Habituating responses to the US on the behavioral level (pain ratings and SCR). For each subject, we calculated a regression with time as predictor and then compared the ensuing average regression coefficients of both groups. The bars in this graph thus represent the average regression coefficient of each group. The control group showed stronger habituation effects in the pain ratings (as reflected by a more negative average regression coefficient) than the naloxone group. In addition to this trend-level significant effect, the control group showed significantly stronger habituation effects in SCR to the US. b, Habituating BOLD responses to the US. The dorsal anterior cingulate cortex showed significantly stronger habituating responses to the US in the control group than in the naloxone group. The bar graph on the right shows peak voxel parameter estimates that reflect the strength of habituation (i.e., the more negative, the stronger the habituation). The parameter estimates show that the BOLD responses in the control group habituate strongly, whereas the naloxone group shows sustained BOLD responses in dorsal anterior cingulate cortex. The image is thresholded at p Ͻ 0.005 (uncorrected) for visualization purposes. *p Ͻ 0.05. Error bars indicate SEM.
interested in whether naloxone would block the often observed decay of conditioned amygdala responses over time (Quirk et al., 1997; Büchel et al., 1998; LaBar et al., 1998) and lead to sustained responses, as has been speculated previously (Büchel et al., 1998) . We therefore tested whether in the control group the amygdala exhibits decreasing responses to the CSϩ over time, which are significantly different from responses to the CSϪ (i.e., a time by condition interaction), and whether this pattern would be significantly different in the naloxone group. This analysis revealed significant activation in the right dorsomedial amygdala (12, 2, Ϫ18; t (28) ϭ 3.13; p ϭ 0.04) (Fig. 4) . Most importantly, the control group showed decaying responses to the CSϩ, whereas the naloxone group did not exhibit such decay and showed sustained responses to the CSϩ (Fig. 4) .
Discussion
In this study, we investigated the role of endogenous opioid neurotransmission in human fear conditioning. We observed that blocking opioidergic neurotransmission via naloxone inhibited the development of conditioned hypoalgesia, leading to more sustained responses to the US. Naloxone also blocked processing in a conditioning-dependent anticipatory antinociceptive network that includes areas with a high density of opioid receptors including rACC, amygdala and PAG. Finally, naloxone led to stronger conditioned responses and more sustained conditioning-dependent activity in the amygdala. Together, these results suggest that endogenous opioids have an inhibitory role in the acquisition of conditioned fear in humans. Fanselow (1998) proposed a model of opioid function in fear Figure 3 . Conditioning induced responses in the antinociceptive system. The right (R) rostral anterior cingulate cortex shows a significant condition by group interaction late in the CS interval (i.e., 5 s after CS onset; visualization threshold: p Ͻ 0.005 uncorrected). As the parameter estimates in the bar graph show, this effect is mainly driven by a strong CSϩ response in the control group that is almost completely blocked in the naloxone group; both groups show almost no response to the CSϪ. The parameter estimates indicate that the response to the CSϩ in the control group is a deactivation, which we aimed to characterize further by examining the time course of this response. The rightmost panel thus shows the time course of the response on CSϩ trials in the two groups (Ctrl, control group; Nlx, naloxone group). The time course of the control group was shifted slightly to the right to avoid overlapping of error bars; time courses were obtained from an analysis that used FIRs as basis functions and does not make any assumptions about the shape of the hemodynamic response. Dotted lines show the time courses on CSϪ trials. The CSϩ time course of the control group shows a distinct deactivation, which starts at ϳ5 s after CS onset and ceases at ϳ15 s. Importantly, this deactivation is almost completely absent in the naloxone group. Error bars indicate SEM.
Figure 4.
Conditioned amygdala responses at CS onset. The right (R) dorsomedial amygdala shows a significant time by condition by group interaction (visualization threshold: p Ͻ 0.005 uncorrected). The insert uses a more liberal threshold and three slices of the averaged anatomical image of all subjects for additional characterization of the spatial extent and localization of this response. The three-dimensional plots on the right show the group-averaged fitted response in the amygdala to the CSϩ over the course of the experiment. The control group shows strongly decaying responses to the CSϩ over time (i.e., decreasing responses along the axis labeled Scans). In contrast, the naloxone group shows sustained responses over time.
conditioning, according to which convergence of CS and US information in the amygdala leads not only to the production of conditioned responses such as freezing, but also to a conditioned inhibitory signal mediated by opioids. This signal acts via brainstem structures such as PAG and RVM in an inhibitory way on ascending US input (the input that drives conditioning) thereby regulating fear conditioning in a negative-feedback manner. From this model, we derived three questions that we tested in human subjects. First, does naloxone inhibit the development of conditioned hypoalgesia (i.e., lead to more sustained US responses)? Second, does naloxone block the inhibitory signal that weakens US impact and thus causes conditioned hypoalgesia? Third, does naloxone lead to enhanced conditioning effects? Previous research in rodents has shown that administration of opioid antagonists can block the development of conditioned hypoalgesia (Fanselow and Baackes, 1982; Helmstetter and Fanselow, 1987) . Complementing these findings, we show that the control group showed stronger conditioned hypoalgesia, as indexed by nonsignificantly stronger habituation of pain ratings and significantly stronger habituation of SCR to the US. Mirroring these behavioral effects, the control group exhibited stronger habituation in BOLD responses in the dACC and the insula, the two regions most strongly implicated in pain processing (Apkarian et al., 2005) . The activation in dACC corresponds very closely to a region specifically involved in coding perceived pain intensity (Büchel et al., 2002) , providing additional evidence that perceived pain intensity decreased over time. Although this is in accord with the negative-feedback model, this model also requires that US input to the amygdala is diminished over time. Our data showed only a trend for stronger habituation in the amygdala in the control group, but in an extension of the amygdala proper, namely the sublenticular extended amygdala, we observed strongly habituating responses to the US in the control group but clearly sustained responses in the naloxone group.
The aforementioned model suggests that an amygdala/ brainstem-dependent circuit, which critically depends on opioidergic neurotransmission, implements conditioned hypoalgesia. Rodent studies have shown that injection of -opioid, but neither ␦-nor -opioid, antagonists into the amygdala, the PAG, and the RVM can inhibit the production of conditioned hypoalgesia (Bellgowan and Helmstetter, 1998; Foo and Helmstetter, 1999) . In addition to these regions, we also focused on the rACC, which is involved in placebo analgesia, a form of endogenous pain control that strongly involves the opioidergic system (Petrovic et al., 2002; Zubieta et al., 2005; Wager et al., 2007) . We observed that the control group showed responses in this antinociceptive network, namely in the rACC, amygdala, and PAG, that were almost completely blocked in the naloxone group. These responses were specifically related to conditioning, as they only occurred on CSϩ, but not on CSϪ, trials and started before the US was administered. The presence of the CSϩ is thus sufficient to engage an opioidergic antinociceptive network in preparation for the arrival of the US. The responses in the control group were deactivations, which is particularly interesting, because one way of opioidergic neurotransmission is postsynaptic inhibition (Faber and Sah, 2004) and there is evidence that negative BOLD responses reflect decreased neuronal activity (Shmuel et al., 2006) , at least in cortical structures. The deactivation to the CSϩ in the rACC is also consistent with results from both fMRI studies (Phelps et al., 2004; Milad et al., 2007) and recordings from rodent infralimbic cortex which is an apparent homolog of human rACC (Santini et al., 2008) . Interestingly, the RVM did not show differential responses, but showed stronger coupling with the PAG in the control group, consistent with an opioidergic innervation of the RVM via the PAG (Fields, 2004) . Thus, blockade of opioid neurotransmission also seems to block the connectivity of regions implicated in descending pain control.
Finally, Fanselow's (1998) model suggests that blocking opioidergic neurotransmission leads to stronger conditioning effects. Numerous studies have shown that opioid agonists attenuate (Davis, 1979; Westbrook et al., 1991) and opioid antagonists facilitate (Westbrook et al., 1991; Young and Fanselow, 1992; McNally et al., 2004a ) the acquisition of conditioned fear. In line with this, we observed stronger conditioned responses in the naloxone group as evidenced by differential reaction times [which have been used previously as an index of conditioning (Seymour et al., 2005) ]: subjects reacted faster to the CSϩ than to the CSϪ, possibly because of stronger attentional engagement to a stimulus that predicts pain (Damme et al., 2004) . Because the US has a stronger impact in the naloxone group, the CS signaling the US might consequently also engage more attention. We observed no enhancement of conditioning in SCR, although there was a main effect of conditioning across all subjects, showing that SCR were sensitive to conditioning. This null finding cannot be the result of SCR being insensitive to naloxone effects because differential habituation to the US was clearly evident in SCR across the two groups, but might instead be attributable to low statistical power, because only half of all CSϩ trials could be included in the analysis.
With regard to a neural locus of enhanced conditioning effects, we investigated responses in the amygdala. Previous studies demonstrated conditioning-induced amygdala activation that decays rapidly across conditioning trials (Quirk et al., 1997; Büchel et al., 1998; LaBar et al., 1998) . It has been speculated that this decay might be caused by an opioidergic negative feedback signal that over time reduces the ability of the US to support conditioning (Büchel et al., 1998) . Blocking the negative feedback signal via naloxone should thus lead to sustained conditioned amygdala activation. In line with these suggestions, we observed that the control group showed a decaying response profile in the amygdala that was specific to the CSϩ. More importantly, the naloxone group did not show such decay, but exhibited sustained responses to the CSϩ. We suggest that this decay relates to a prediction error-like signal that is re-established at trial onset to compute the current prediction. In line with this, it has been shown that the amygdala encodes predictions in aversive learning (Gläscher and Büchel, 2005) and coexpression of predictions and prediction errors in the same brain structure has been observed previously (Yacubian et al., 2006) . In the control group, the prediction error decreases rapidly because of the inhibitory opioidergic signal causing conditioned hypoalgesia, whereas in the naloxone group where the inhibitory opioidergic signal is blocked, its decrease is much less pronounced. Unexpectedly, the fitted responses to the CSϩ in the amygdala differed at the beginning of conditioning. We refrain from interpreting this shift in absolute value because this would necessitate single trial and trial history modeling, but speculate that it might possibly be attributable to unspecific drug effects or other gain-related processes in the amygdala.
Although our results support many predictions derived from Fanselow's (1998) model, some limitations of the present study are worth mentioning. First, we cannot rule out that naloxone also influenced attentional (Arnsten et al., 1984; Iordanova et al., 2006) or memory processes (McGaugh et al., 1988) . Second, we only studied male subjects and, thus, cannot ascertain whether the observed effects can be generalized to females, as there are gender differences in both fear conditioning and opioid function (Zubieta et al., 2002; Milad et al., 2006) . Third, we cannot distinguish between naloxone influences on the acquisition versus the expression of conditioned fear. Finally, based on neurophysiological simulations it was suggested previously that opioids cannot exert their negative feedback function alone, but need to work in concert with a faster-acting inhibitory neurotransmitter such as GABA (Padlubnaya et al., 2006) .
One question that remains is why endogenous opioids are engaged in conditioned fear. It was suggested that release of endogenous opioids during fear serves to make an organism less sensitive to pain and therefore allows more resources to be devoted to coping with the immediate threat (Bolles and Fanselow, 1980) . Intriguingly, in conditioned fear, an initially neutral stimulus is able to engage this antinociceptive opioid response. In contrast to this explanation, McNally and colleagues (McNally et al., 2004b; McNally and Cole, 2006) suggested that endogenous opioids are not exclusively involved in procedures that involve noxious stimulation, but that they have a more general role in regulating prediction errors during aversive learning. This could explain facilitation of conditioned fear responses by naloxone (Young and Fanselow, 1992; McNally et al., 2004a) , impairment of fear extinction by naloxone (McNally and Westbrook, 2003; McNally et al., 2004b) and naloxone facilitation/morphine depression of conditioned responses in paradigms in which no noxious US is administered (Mauk et al., 1982a,b; Cicala et al., 1990) . Our results do not allow dissociating between the two models, for which it would be necessary to investigate other forms of learning such as second order fear conditioning or extinction of conditioned fear. Note however, that the model of McNally and colleagues (McNally et al., 2004b; McNally and Cole, 2006 ) also predicts the naloxone-dependent enhancement of conditioned fear observed in this study. Thus, there might be dual routes via which opioids act in aversive learning: one attenuating US impact via conditioned hypoalgesia and one directly regulating prediction errors.
